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Ballard et al. (1) base their critique of our report (2) on use of a two-component regression model, in which rainfall and the nitrogen (N) surplus for cropland are used to predict annual N loading from the Mississippi River Basin (MRB). They conclude that time lags of both 4 years and 28 years could equally predict riverine N loads, and that relatively fast water quality recovery times for the MRB are therefore possible.
First, Ballard et al. question our assumption that all surplus N cycles through soil organic matter, incorrectly suggesting that this assumption does not capture the potentially large amounts of N that can be lost to tile drainage pathways after N fertilization. In fact, our approach accounts for a range of residence times for N within the soil profile, and our results suggest that approximately 16% of all N in the MRB is transported to the outlet in less than 1 year (3), thus accounting for fast N transport pathways. Ballard et al. also incorrectly suggest that interannual variability in precipitation is not considered in the ELEMeNT modeling framework. In fact, such variability is well captured, based on the use of long-term, annually varying discharge data (1817-2017) as an input.
Next, Ballard et al. assert that the limited information content in the outlet nitrate loading data is not sufficient to draw conclusions regarding the role of legacy N in driving water quality. We wholeheartedly agree and appreciate the opportunity to respond. Here, we are confronted with the well-established issue of equifinality (i.e., a large number of model parameter combinations can lead to the same aggregated model response) (4) . Such equifinality can lead to significant uncertainty in model predictions, with the "right" results being obtained for very "wrong" reasons (5) . An important solution to the equifinality problem is to use multiple data types for model validation, and our work is based on this multi-validation approach (6) . In our simulations, we use not only watershed N loading data for validation, but also soil N trajectories (7) and sediment chloropigment concentration data (8) .
Ballard et al. also object to our use of chloropigment data as a validation source (Fig. 1) . First, they assert that our discussion of correlations between MRB N loading and sediment chloropigment concentrations is based on a "misinterpretation" of the data, and that chloropigments are not reflective of changes in biomass or primary production. This assertion is surprising, given that we directly base our interpretation of the sediment data on Rabalais et al. (9) , who state verbatim that "the remains of phytoplankton in the form of chemical signatures, i.e., chloropigments and carotenoids … can be used to document changes in productivity and oxygen depletion," and that chloropigments and carotenoids in Gulf of Mexico sediment cores have "confirmed the trend of eutrophication seen in carbon and diatom indicators." In addition, Rabalais et al. (8) show strong, significant concentrations between MRB nitrate loads and sediment concentrations of zeaxanthin (R = 0.68) and other chloropigments.
Ballard et al. also caution that the sediment core used in our validation (D50) was obtained outside the area of the Gulf where hypoxia typically develops, making it inappropriate as a validation source. However, Rabalais et al. (8) found clear increases in chloropigment concentrations for the D50 core as well as the other four cores collected, with the magnitudes of increase simply being smaller for D50 (Fig. 1C) . Additionally, Ballard et al. oddly suggest that we Response to Comment on "Legacy nitrogen may prevent achievement of water quality goals in the Gulf of Mexico"
should use biogenic silica (BSi) from the Rabalais et al. (8) E30 sediment core as a key indicator, rather than chloropigment concentrations. Rabalais et al. (8) , however, report no significant relationship between nitrate load and BSi for the E30 core. In contrast, the D50 core, which we have used for our analysis, shows significant relationships between Mississippi nitrate loads and five of the measured chloropigments, as well as with BSi. Accordingly, we strongly stand by our use of chloropigment concentrations in the D50 core as a validation source.
The two-variable regression used by Ballard et al. does indeed provide results consistent with current variations in watershed N loading, primarily because variations in annual precipitation and discharge are strongly related to interannual variations in watershed N loads-a relationship that is also captured by our process-based model (2, 3) . The regression model, however, is purely empirical, meaning that it cannot capture changes in system behavior under nonstationary conditions such as those seen with large changes in land use and management (5) .
As an example, we have applied the Ballard et al. regression equation to backcast N loading for the period 1817-1920 (Fig. 1A) , using long-term MRB discharge data (1817-1920) (10) and PRISM precipitation data (1895-1920) (11) to develop the complete 1817-1920 precipitation time series. The regression model predicts large interannual variability in loads, but no long-term trends, with annual values simply fluctuating around an unchanging mean (249 ktons/year). In contrast, results from the process-based ELEMeNT model show an increase in N loading beginning in the mid-1800s, consistent with a period of rapid conversion of land to row crop agriculture across the MRB (3). This increase is paralleled by increases in chloropigment sediment core concentrations, as indicated by the zeaxanthin concentration trajectory shown in Fig. 1A . The relative success of the ELEMeNT model in representing long-term nutrient dynamics underscores the importance of allowing soft data to inform model representations of internal processes; such representations are not captured in a simple regression approach.
Finally, perhaps the strongest evidence for multidecadal legacy nutrient effects and time lags within the MRB stems not from the modeled results, but from a simple comparison of watershed N loading trajectories with the watershed N surplus over the past 50 years ( Fig. 2A) . Ballard et al. mistakenly state that the N surplus for the MRB has primarily increased or remained stable over the "observational data record." However, after a plateau in the 1990s, N surplus values actually show signs of a decrease, reflecting both a leveling off of N fertilization rates and increases in corn yields (3, 12) . But despite these changes, watershed nitrate loads have remained flat since the mid-1970s (Fig. 2B) , suggesting a disconnect between current-year N inputs and outputs and providing additional evidence for the role of legacy N in driving long-term N dynamics.
At the basis of the Ballard et al. critique is their assertion that water quality improvements could occur much more quickly beneath tile-drained cropland. Van Meter and Basu (13) also have demonstrated that in smaller watersheds dominated by artificially drained fields, improvements may be faster. However, as watersheds increase in size, so does the relative contribution of groundwater to overall streamflow, thereby delaying recovery times (13) . Nutrient management that reduces N leaching from soil does not affect groundwater nitrate that has already accumulated in aquifers and is now entering rivers as baseflow. With as many as 22% of private drinking water wells in agricultural areas across the United States exceeding the drinking water standard for nitrate (14) , we know that significant quantities of N have accumulated in the subsurface, and that it will take time for that nitrate to pass through the landscape to the catchment outlet. Indeed, a 2013 assessment of water quality trends at sites throughout the MRB showed nitrate concentrations to still be increasing at low flows, a finding that was linked to contributions of legacy nitrate from groundwater (15) .
Uncertainties are inevitable when predicting trends in future water quality. We cannot, however, argue with past trajectories, which, in the MRB, suggest water quality time lags of 25 years or more, despite the millions of dollars already spent on implementation of conservation measures (3). Reducing delivery of surplus N to the Gulf of Mexico is an issue of utmost environmental and economic importance. Accordingly, the long time lags in watershed response characteristic of the MRB demand that a range of actions be implemented now to minimize long-term impacts to coastal waters. 
